Considering that adipose tissue (AT) is an endocrine organ, it can influence whole body metabolism. Excessive energy storage leads to the dysregulation of adipocytes, which in turn induces abnormal secretion of adipokines, triggering metabolic syndromes such as obesity, dyslipidemia, hyperglycemia, hyperinsulinemia, insulin resistance and type 2 diabetes. Therefore, investigating the molecular mechanisms behind adipocyte dysregulation could help to develop novel therapeutic strategies. Our protocol describes methods for evaluating the molecular mechanism affected by hypoxic conditions of the AT, which correlates with adipocyte apoptosis in adult mice. This protocol describes how to analyze AT in vivo through gene expression profiling as well as histological analysis of adipocyte differentiation, proliferation and apoptosis during hypoxia exposure, ascertained through staining of hypoxic cells or HIF-1α protein. Furthermore, in vitro analysis of adipocyte differentiation and its responses to various stimuli completes the characterization of the molecular pathways behind possible adipocyte dysfunction leading to metabolic syndromes.
Introduction
According to the 2014 report from the World Health Organization, 39% of the world's adult population is overweight, and 13% is obese 1 . In the near future, overweight people will comprise a significant proportion of the elderly population. An important feature of obesity and aging is dysregulation of fat in relation to morbidity and mortality 2 . Adipokines, proteins secreted by the adipose tissue (AT), can trigger metabolic syndromes such as obesity and type 2 diabetes 3 . Metabolic diseases are mostly caused by excessive energy storage in the lipid droplets of adipocytes, which results in AT expansion 4 . It is therefore of interest to determine the causes and the molecular mechanisms of AT expansion in order to find opportunities to control it.
Over-nutrition leads to AT expansion, which is regulated by two events: excessive energy storage into the lipid droplets of adipocytes, a process leading to hypertrophy (increase in adipocyte size), and increased adipogenesis, also known as adipocyte hyperplasia 5 . Adipogenesis is a process of differentiation of multipotent mesenchymal stem cells (MSC) into adipocytes. Firstly, MSCs develop into preadipocytes during the commitment phase. Secondly, preadipocytes further differentiate to acquire the features of mature and functional adipocytes 6 . Several transcription factors have been identified as master regulators for preadipocyte determination, such as zinc finger protein 423 (Zfp423) and early B cell factor 1 (Ebf1). Whereas Zfp423 induces early commitment, Ebf1 is required for the generation of adipocyte progenitors 6 . Terminal differentiation is tightly controlled by a transcriptional cascade, whereby peroxisome proliferator-activated receptor γ (PPARγ) is the essential transcription factor 7 . Further key transcriptional factors are the CCAAT/enhancer-binding protein (C/EBP) family members (i.e., C/EBPα, C/ EBPβ, and C/EBPδ), kruppel-like factors (KLFs), cAMP responsive element binding protein (CREB) and early growth response 20 (Krox20) 6 . Recently, it has been shown that the activator protein-1 (AP-1) family is involved in the adipocyte differentiation process 8, 9 . The AP-1 family is formed by a dimeric protein complex, composed of Fos, Jun and/or activating transcription factor (ATF) members. Fos-related antigen 1 and 2 (Fra-1 and Fra-2) are able to regulate adipocyte differentiation. Fra-1 impairs adipocyte differentiation by inhibiting C/EBPα 8 , whereas Fra-2 controls adipocyte turnover 9 . Fra-2 thereby not only decreases the adipocyte number by repressing PPARγ2 expression during adipocyte differentiation, but also decreases adipocyte apoptosis through direct repression of hypoxia-inducible factors (HIFs) expression. The HIF family is a heterodimeric transcription factor complex, composed of HIF-1α, HIF-2α and HIF-1β. The heterodimers consist of an oxygen-sensitive HIF-α protein (HIF-1α or HIF-2α) and the oxygen-insensitive HIF-1β subunit 10 . During normoxia, HIF-α proteins are poly-ubiquitinylated and are finally degraded by proteasomes 11 . Under hypoxic conditions, occurring in AT during expansion, HIF-α proteins are no longer hydroxylated. They therefore become stabilized and form dimers with the constitutively expressed HIF-1β. Transcriptional activation of genes controlled by the HIF response elements is involved in the regulation of angiogenesis, metabolism, and inflammation . The present protocol describes methods for studying AT status to unravel the molecular characteristics of adipocyte homeostasis in adult mice. It shows how apoptosis, proliferation and differentiation of adipocytes in vivo and in vitro can be regulated by hypoxia. To do so, we use mice with adipocyte specific deletion of Fra-2 generated by crossing mice carrying the Fra-2 floxed alleles with Fabp4-CreERT mice 9 . By using Fabp4-Cre ERT mice, the deletion is adipocyte specific and inducible by tamoxifen injection 14 . For the adult model, intra peritoneal injections of tamoxifen are performed over 5 consecutive days starting at the age of 6 weeks. Thus, the mice are subjected to a normal diet or high-fat diet for 6 weeks before the analysis is done. The mice used in this study were male based on a C57Bl6 background to avoid female hormones, such as estrogens, shown to regulate the body fat distribution 15 . Using another genetic background might also alter the metabolic phenotype, due to strain-related differences in lipid management 16 .
This protocol demonstrates how to analyze AT under hypoxia using histology and how to quantify adipocyte apoptosis, proliferation and differentiation in vivo using immunohistochemistry and gene profiling analyses. The study is completed by in vitro experiments, showing how to analyze primary adipocyte differentiation and apoptosis altered by exposure to hypoxia.
Protocol
ETHICS STATEMENT: Animals are housed in standardized conditions following the guidelines of the German Animal Welfare Act. Animals are fed a standard diet and water ad libitum and kept with a 12 hr day/night cycle. All experiments with animals are authorized by the local ethics committee.
In Vivo Analysis of Adipocyte Homeostasis in Adult Males
1. To quantify hypoxia in vivo, first determine the body weight of the mice, then inject 60 mg/kg body weight of solid pimonidazole hydrochloride intra-peritoneally (for example: inject 1.5 mg into a 25 g mouse). Pimonidazole is an effective hypoxic marker, which forms adducts with thiol groups in proteins, peptides and amino acids and is detected by a specific antibody. 2. Sacrifice mice and remove the perigonadal fat pads (Figure 1 ).
1. 45 min after injection, sacrifice mice by CO 2 asphyxiation and subsequent cervical dislocation. Figure 1 ) and open the peritoneal cavity. Remove the left and the right perigonadal (epididymal) fat pad inside the peritoneal cavity. Note: Fat pad are bound to the epididymis by the peritoneal leaflets as shown in Figure 1 (perigonadal fat pads are indicated by arrows). 3. Take care to remove the gonadal tissues from the fat pad. Determine fat pad weights to calculate the ratio: fat pad weight (g) per body weight (g). Figure 4 . Detach the skin from the upper leg, loin and flank and pin it down with needles as in Figure 4 . Then remove the subcutaneous adipose tissue, which is located posterior at the base of the hind legs, surrounding the inguinal lymph nodes (as shown in Figure 4 , left: subcutaneous fat pads indicated by the arrows; right: inguinal lymph node indicated by the arrow). 3. Seed ADSC (as described in point 2.2) in 12-well culture plates and grow culture to confluence around 70 to 80% (reached after 4 to 6 days). 4. Induce adipogenic differentiation by adding 5 µg/ml insulin, 1 µM dexamethasone and 5 µM 3-isobutyl-1-methylxanthine (IBMX) to the cultures. Renew the medium every 2 days. Cells will be fully differentiated after 7 days. 7. To analyze adipocytes subjected to hypoxia, use a hypoxic work station or hypoxic incubator to maintain the cells under hypoxic conditions. Depending of the study, hypoxia could be 0.5, 1 or 2% oxygen. 
Pin down the limbs of mice (as illustrated in

Representative Results
We show how to determine adipocyte homeostasis in vivo and in vitro using the example of Fra-2 fl/fl Fabp4-CreERT mice compared to wild-type littermates. Our protocol defines how increased HIF expression by hypoxia is correlated with adipocyte dysfunction as indicated by increased adipocyte apoptosis.
Increased adipocyte size and area in high-fat diet (HFD) treated mice
Over-nutrition, among other factors, results in adipocyte hypertrophy, caused by excessive energy storage in the lipid droplets. The adipocyte size and area is an indicator of hypertrophy. Sections of the fat pad from normal (ND; Figure 6a ) and high-fat diet (HFD; Figure 6b ) mice as well as quantifications of the adipocyte size and area clearly show adipocyte hypertrophy after 6 weeks of HFD, which is indicated by increased adipocyte size in the HFD treated mice (Figure 6c and d) .
Increased hypoxia in the adipose tissue (AT) of adult Fra-2 fl/fl Fabp4-CreERT mice leads to increased HIF-1α level and adipocyte apoptosis
To determine the in vivo status of hypoxia in AT, Fra-2 fl/fl Fabp4-CreERT mice are analyzed 6 weeks after Fra-2 deletion at the age of 12
weeks and compared with wild-type littermates. Pimonidazole is administered to the mice intraperitoneally as an effective hypoxia marker; it is nontoxic and able to distribute into the AT. Hypoxic adipocytes in the AT in vivo are defined by immunohistochemical antibody staining ( Figure  7a) . Furthermore, the increased hypoxic status of the AT in mice is accompanied by increased HIF-1α positive adipocytes as indicated by the immunohistochemical staining Figure 7b ), which is confirmed by quantification of HIF-1α expression levels and its targets genes To analyze adipocyte apoptosis in vitro, we use adipocytes generated from subcutaneous fat pads as described elsewhere 20 . As expected, the HIF-1α expression in adipocytes is increased after 24 hr of hypoxia (Figure 8a) . To further analyze HIF-1α activities, the RNA levels of HIF target genes such as Inos (inducible nitric oxide synthase) are quantified by qPCR. Figure 8b shows that the increased expression of HIF-1α under hypoxic conditions leads to increased Inos mRNA level. Since we have already shown in vivo (Figure 8 ) that increased HIF-1α expression in adipocytes correlates with increased adipocyte apoptosis, apoptosis is also quantified in in vitro cultures by Annexin V staining under hypoxic conditions. Consistent with the in vivo data (Figure 7) , an increased HIF-1α level is accompanied by increased adipocyte apoptosis induced by hypoxic conditions (Figure 8b) . Moreover, to prove that hypoxic-induced apoptosis is HIF-dependent; HIF-1α or HIF-2α is silenced by RNA interference in adipocytes derived from wild-type or Fra-2 deficient mice. The increased adipocyte apoptosis is restored by silencing HIF-1α or HIF-2α as shown by Annexin V staining in Figure 8b , proving that the hypoxia sensor HIF-α regulates the adipocyte apoptosis. . These events leading to fatty acid dysregulation and subsequent metabolic syndromes are also states of increased fat mass with preserved metabolisms, which is also referred to as "healthy" fat expansion. For example, Kusminski et al. 21 showed that mice with massive fat expansion remain metabolically healthy, suggesting that fat expansion is not necessarily linked to metabolic syndromes and needs to be carefully determined to evaluate the characteristics of the adipocytes. The adipose tissue (AT) plays a pivotal role in the regulation of body metabolism. AT is the biggest endocrine organ that could influence dyslipidemia, atherosclerosis, hyperinsulinemia and hyperglycemia 3 . Evaluating AT homeostasis and the molecular mechanisms regulating it could allow a better understanding of metabolic system disorders. Therefore, unravelling the mechanisms regulating adipocyte differentiation, adipocyte size and fat pad mass would help to develop new therapeutic treatment for obesity disorders. Using in vivo and in vitro methods, it is possible to determine the role of food and gene expression impacts on adipocyte differentiation and activity. To determine the AT homeostasis, determining the balance between adipocyte differentiation, proliferation and apoptosis as suggested by our protocol is as important as analyzing the glucose and insulin metabolic response [22] [23] [24] .
Expression profiling analyses of genes involved in adipogenesis, lipogenesis, lipolysis, fatty acid uptake, hypoxia, apoptosis and proliferation in primary adipocytes and visceral AT is a high throughput method for obtaining an overview on adipocyte homeostasis and their possible dysfunction. Interesting candidates should be further analyzed at the protein level by western blot or immunohistological staining. To obtain optimal results through real-time PCR system using unsymmetrical cyanine dyes, the concentrations of cDNA ranging from 1 to 10 ng and the optimal primer concentrations ranging from 50 to 900 nM should be tested to minimize nonspecific amplification. The critical components are the primers; for each run, the melting curves need to be strictly controlled to ensure the specificity and to exclude the formation of primer dimers. Therefore, using a negative control with H 2 O instead of cDNA is recommended. Furthermore, commercial available unsymmetrical cyanine dyes are provided as master mixes that contain a passive reference dye (such as ROX) to provide an internal reference signal. The cDNA signal is normalized during data analysis to the ROX signals to correct well-to-well signal fluctuations. Another point to be considered in order to establish a good qPCR system is the choice of the housekeeping gene. For each condition, several housekeeping genes are used, e.g., HPRT, β-actin, GAPDH, β-2-MG or HSP90.
. To ascertain hypoxic areas in the fat pad, HIF-1α is determined in AT sections by immunohistochemistry. Since HIF proteins are rapidly degraded within 5 to 10 min under normoxic conditions, the procedure and the fixation of the fat pad for the histological analysis should be tightly controlled to avoid latency time. Therefore, to ensure hypoxia not only through HIF staining, pimonidazole is used to determine hypoxic areas in the AT. Pimonidazole is able to distribute into tissues, as it was already shown in bones 27 , and effectively mark hypoxic areas by binding to thiol-containing proteins specifically in hypoxic cells, which is further detected in histological sections by specific antibody binding 28 . However, other markers and methods can be used to analyze the hypoxia pathway. For example, the involvement of the prolyl hydroxylase (PHD) enzyme, which induce hydroxylation of proline residues under normoxia, as well as the von Hippel-Lindau (VHL) protein, which recognize hydroxylated prolines and induce the poly-ubiquitination to mediate proteasomal HIF degradation, need to be analyzed for a full overview of the pathway 29, 30 . Moreover, ubiquitous detection of HIFs would also determine the protein stability and degradation that can be alter 31, 32 . Furthermore, proliferation by Ki67 and apoptosis by TUNEL staining are determined in vivo through staining of AT histological sections. Quantification of proliferation by Ki67 and apoptosis by TUNEL or Annexin V staining through flow cytometry analysis is also carried out 33 . Proliferation could of course be measured by other techniques such as the analyses of the adipocyte cell cycle, which is not addressed by the measurement of Ki67 positive cells. Moreover, apoptosis study by TUNEL can be completed by FACS analyses of Annexin V and TOP-PR-3 which will determine the levels of necrosis versus the apoptosis cell death process. Apoptosis is a fundamental process for the program of cell death, which is important for AT homeostasis. Indeed, dysregulation of adipocyte apoptosis has been implicated previously in processes contributing to obesity and lipodystrophy 34 . Moreover, in 2011, Keuper et al. linked adipose tissue inflammation to adipocyte apoptosis. They showed that macrophages induced apoptosis in preadipocytes and adipocytes, which in turn attract macrophages. The recruitment of macrophages accelerates inflammation, which contributes to metabolic syndromes such as glucose and insulin tolerance 35 . However, adipocyte apoptosis is still a poorly studied phenomenon, despite the hypothesis that induced adipocyte apoptosis could lead to decreased weight.
The present protocol uses immunohistochemical approaches to study different phenomenon such as proliferation, apoptosis and hypoxia in vivo. Therefore, the tissue was fixed with 4% formaldehyde, which is a critical step. An extended tissue fixation time leads to change of the epitopes, which become non-accessible for the antibody. In contrast, a short fixation time increases the sensitivity of epitopes to reagents. The recommended optimal time of fixation is 24 hr. Moreover, the thickness of the sections also influences the antibodies binding to their epitopes; optimal thickness is between 2 and 5 µm. Sections thicker than 5 µm will give false positive results due to increased binding sites. In contrast, sections thinner than 2 µm contain less binding sites and positive areas are not well defined. Further critical factors are the antibody itself, incubation time, concentration and even temperature, which influence the quality of the specific binding to the epitopes. Therefore, validating antibody concentration and incubation time is necessary for each condition.
To complete the study, we provide an in vitro adipocyte differentiation protocol, which could be extended by different treatments, stimulation or co-cultures. By using in vitro adipocyte cultures, it is feasible to determine defects in adipocyte differentiation and functions. To obtain reliable results, as for all primary cells, the healthy behavior and appearance of the ADSCs and adipocytes is quite important. The granularity, cytoplasmic vacuolations and/or detachment are signs of deterioration, indicating inadequate medium, microbial contamination or senescence of the primary cells. This protocol is using isolated adipocytes from the fat pad tissue, whereas it is as well possible to use mesenchymal stem cell isolated from bone marrow as described by other protocols 36 . The latest includes stromal progenitor cells, which might reflect additional differentiation problems occurring at the very early step of adipocyte differentiation, this might be missed in our current protocol. Moreover, ADSCs can be expanded rapidly (more than 10 times within one week), and long-term cultured ADSCs after some passages still retain their mesenchymal pluripotency 37, 38 . Another advantage using ADSCs is that one can easily switch to human, since ADSCs can be harvested from patients by liposuction which is a simple and minimally invasive method.
As AT influences several other organs in an endocrine manner, the protocol should be extended to adipokines. Adipokines, such as leptin, adiponectin, tumor necrosis factor-α (TNF) and resistin, secreted by adipocytes are known to affect metabolic diseases by controlling fat metabolism, energy homeostasis and insulin sensitivity 39 . Therefore, serum and adipocyte secretome analyses should be performed. In the case of AT dysfunction, adipokines and pro-inflammatory cytokines, such as IL-6, can lead to dysregulation of organs such as the liver and pancreas, and of muscle function 4 . In order to exclude systemic organ dysfunction, animal models or cell cultures could be tested for their response to glucose stimulation and uptake.
Here we provide a protocol for analyzing the basic state of the AT and adipocytes in vivo and in vitro to reveal molecular mechanisms of adipocyte homeostasis and functionality.
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